We recently described orang-utan hepadnavirus (OuHV) (Warren et al., Journal of Virology, 73, 7860-7865, 1999). Phylogenetic analyses indicated that the various isolates of OuHV can be divided into two genomic variants. Two representatives from each genomic cluster were analysed both molecularly and phylogenetically. Their genome organization was highly similar to other hepadnaviruses of apes and humans. The complete genome sequences of the two OuHV types had an overall 5 % sequence difference. Research on 25 seropositive Bornean orang-utans showed that, of the 19 animals infected with one variant, 12 originated from East Kalimantan. Phylogenetic analysis was performed using the full-length genomes of various primate hepadnaviruses. The tree topology revealed one cluster of Old World hepadnaviruses that is divided into two subclusters, one consisting of the ape viruses, and the other comprising the human genotypes A-E. These data suggest that the great apes and gibbons have been infected with a common ancestor hepadnavirus.
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Hepatitis B virus (HBV) is a member of the family
Hepadnaviridae, which consists of the avian hepatitis B-type viruses (avihepadnaviruses) and the orthohepadnaviruses, which infect mammals. In addition to the HBVs that infect humans, the orthohepadnaviruses include viruses which infect rodents such as ground squirrels (GSHV) (Marion et al., 1980) and woodchucks (WHV) (Summers et al., 1978) , as well as hepatitis B-like viruses that infect nonhuman primates, like chimpanzees (ChHBV), gibbons (GiHBV), woolly monkeys (WMHBV), gorillas (GoHBV) and orang-utans (OuHV) Author for correspondence : Ernst Verschoor.
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Currently identified nonhuman primate hepadnaviruses are highly similar to the human HBVs in genome organization, and may cause acute or chronic hepatitis in their natural hosts (Lanford et al., 1998) , or when passaged to other species (Norder et al., 1996) . Previously, we described hepadnaviruses that occur naturally in Bornean orang-utans (Pongo pygmaeus pygmaeus), now designated orang-utan hepadnavirus (OuHV), by sequence analysis of the S gene (Warren et al., 1998 (Warren et al., , 1999 . Here we describe the molecular and evolutionary analysis of full-length genomes of two variants of OuHV present in the Bornean orang-utan population.
Phylogenetic analysis of the small S gene of OuHV isolates from seven chronic carriers suggested that OuHV could be classified in two genomic groups (Warren et al., 1999) . Viruses obtained from the orang-utans Doel, O'on, Papa and Mojo, and those infecting Romeo, Somad and Lisa, were found on two different branches in the OuHV cluster. Both branches were supported with high bootstrap values of 84 and 100 %, respectively.
The division of HBV into genomic groups (A to F) has been based on the definition that the difference between the complete genomes of viruses from different genotypes must be 8 % or more (Okamoto et al., 1988) . To solve the question whether Bornean orang-utans are infected by two distinct genotypes of OuHV or merely by different genomic variants, we determined the sequence of the complete genome of two representative viruses, one from each OuHV subcluster (Somad and Papa).
The isolation of viral genomic DNA, PCR amplification of subgenomic fragments and sequence analysis were performed essentially as described previously (Warren et al., 1999) . The primers used for PCR and sequence analysis of the OuHV genome and their positions on the chimpanzee HBV genome are given in Table 1 . Sequencing of the cloned insert was performed using pUC\M13 forward and reverse sequencing primers, which bind on either side of the cloned insert, and with HBV-specific oligonucleotides. From each amplification reaction three clones were analysed. The full-length genomes obtained from Somad and Papa were both 3182 nucleotides in length. Their genomic organization was similar to other hepadnaviruses described in humans and apes. Direct comparison of the two OuHV genomes revealed 95 % similarity which, according to the HBV genotype definition, is too high to raise the different OuHV types to the genotype level. Rather, we are dealing with genomic variants as have been described for GiHBV isolates also (Grethe et al., 2000) .
The Bornean orang-utan population consists of several geographically isolated and genetically different subpopulations (Groves et al., 1992 ; Rijksen & Meijaard, 1999 ; Warren et al., 2001 ; Zhi et al., 1996) . Co-evolution of OuHV with their hosts may have caused their divergence into at least two genomic variants. To test this hypothesis we examined the geographical distribution of both variants in the Indonesian part of Borneo (Kalimantan) by using a combined PCRrestriction fragment length polymorphism (PCR-RFLP) assay to discriminate between infections with the genomic types (Fig. 1) . Sera from 25 viraemic orang-utans were screened. The majority of OuHV infections (n l 19) could be classified as belonging to the Somad cluster, while the remaining infections were caused by viruses closely related to the Papa isolate. All OuHV-positive animals from East Kalimantan (n l 12) were viruses closely related to Somad, while the remaining animals from other geographical origins (n l 13) showed an almost equal distribution over both clusters (7\6). These findings suggest a correlation with geographical origin or subpopulation of the host and the virus variants. Such a correlation Fig. 1 . Discrimination between OuHV genomic variants by using restriction enzyme analysis of pre-S region PCR fragments. A 458 bp fragment encompassing the 5h end of the OuHV pre-S sequence was amplified using primers hepB-SF1 and hepB-SRout as described previously (Warren et al., 1999) . The PCR fragments were purified from agarose gel with a QIAquick gel extraction kit for restriction enzyme digestion using the restriction enzyme BstNI. Digestion of PCR fragments of viruses belonging to the Somad cluster generated fragments of 198 and 260 bp, while viruses belonging to the Papa cluster PCR yielded three fragments of 42, 156 and 260 bp, respectively. Lanes 1 to 4, undigested PCR fragments of Papa, O'on (' Papa cluster '), Somad and Romeo (' Somad cluster '), respectively. Lanes 5 to 8, as 1 to 4 but digested with BstNI. A molecular mass marker is indicated on the right. has also been described by Grethe et al. (2000) for GiHBVs originating from Vietnam and Thailand. However, too few OuHV isolates from the various subpopulations have been examined to draw more definitive conclusions. Identification of additional viraemic orang-utans of known origin, together with development of a serological test capable of distinguishing between OuHV types, may be of assistance in further defining this issue in the future.
Recently, complete genomes of hepadnaviruses infecting gibbons, chimpanzees and a gorilla have become available (Grethe et al., 2000 ; Lanford et al., 2000 ; MacDonald et al., 2000 ; Takahashi et al., 2000) . Sequence similarities between genomes of these viruses range from 89 to 97 % (data not shown). We performed a phylogenetic analysis of 29 fulllength genomic sequences of primate hepadnaviruses, including the OuHV genomes. Multiple sequence alignments were created using the Se-Al Sequence Alignment Editor program version 1.0 alpha 1 (Rambaut, 1995) , and deletions were removed manually. Phylogenetic analysis of nucleotide sequences was performed using the PHYLIP software package, version 3.572 (Felsenstein, 1995) , and PAUP 4.0b2a (Swofford, 1999) . Distances between the aligned sequences were determined using the Kimura two-parameter algorithm, and the trees were visualized using NJplot (Perrie' re & Gouy, 1996) (Fig. 2) .
A close phylogenetic relation exists between all hepadnaviruses isolated from the different ape species -chimpanzees, gorillas, gibbons and orang-utans. This relationship was well supported by a 76 % bootstrap value. From the branch leading to the ape viruses, the African and Asian ape viruses split into two separate clusters. Both clusters are highly supported with a 100 % bootstrap value. The human HBV genotypes A to E form another large cluster of hepadnaviruses. Analysis using maximum parsimony gave an essentially similar tree topology (data not shown). An exception was ch195, a chimpanzee virus IJE Phylogeny of orang-utan hepadnaviruses Phylogeny of orang-utan hepadnaviruses Fig. 2 . Phylogenetic relationship of OuHV with other primate hepadnaviruses based on the analysis of full-length genomes. Distances were determined using the Kimura two-parameter method. Trees were constructed using the neighbour-joining method. The numbers at the nodes indicate the percentages probability after analysis of 1000 bootstrap re-samplings. The horizontal bar indicates number of base substitution per site. The nucleotide sequences of the Somad and Papa complete genomes have been deposited in the EMBL/GenBank data libraries, accession nos AF193863 and AF193864. EMBL/GenBank database accession nos are as follows : for GiHBV, U46935, AJ131568, AJ131569, AJ131571-AJ131573 and AJ131575 ; for ChHBV, D00220, AF222322, AF222323, AB032432 and AB032433 ; for GoHBV, AJ131567 ; and for WMHBV, AF046996. All human HBV are identified by their GenBank accession no./genotype identification.
that is found on the other main branch leading to the human HBV. On this branch ch195 clusters with the African genotype E viruses. However, the exact origin of this virus is unclear ; it may be of human origin (Takahashi et al., 2000) .
Although the number of published genomes of ape hepadnaviruses is limited, certain conclusions may be drawn from our analysis. A distribution based on origin and species can be observed, consisting of the Asian and African ape IJF hepadnaviruses. The former consist of two species-specific subclusters (orang-utan and gibbon viruses), both supported by high bootstrap values. The genomes of OuHV and GiHBV each differ by 8 % or more from all other hepadnaviruses (data not shown) ; thus, based on the definition set by Okamoto et al. (1988) , OuHV and GiHBV form separate genotypes. The viruses isolated from gorilla and chimpanzees form one African genotype (bootstrap support 100 %) comprising the African cluster (93 to 99 % sequence similarity). Interestingly, the single GoHBV sequence falls within the chimpanzee viruses and, unlike OuHV and GiHBV, does not form a separate genotype. Accumulation of more gorilla and chimpanzee virus sequences is necessary to further investigate the true relationship between GoHBV and ChHBV.
The ape viruses are closely related to the human HBV genotypes A to E (92 % bootstrap support), yet they belong to different subclades which branch off from a single branch. This is indicative of a common ancestor virus from which the ape hepadnaviruses and the HBV genotypes A to E (the ' Old World HBV ') have evolved, as has also been suggested by others (Grethe et al., 2000 ; Hu et al., 2000 ; MacDonald et al., 2000 ; Takahashi et al., 2000) . A more recent cross-species transmission between humans and apes as proposed by Lanford et al. (1998 Lanford et al. ( , 2000 seems highly unlikely as this would have resulted in a mosaic branching pattern with human and ape viruses intermingled on the tree. In addition, the finding of closely related hepadnaviruses among ape species of Africa and Asia, as well as the cluster of species-specific hepadnaviruses within the Asian continent, strongly suggests an ancient hepadnavirus infection of the apes that may have been spread by multiple cross-species transmissions amongst these species. The evolution of different viral variants within one host species as described here for OuHV, and by Grethe et al. (2000) for GiHBV, also implies a much older infection event rather than a recent zoonotic event.
A question which remains is the relation of the HBV genotype F viruses and the virus carried by the South American woolly monkey with the other hepadnaviruses (Fig. 2) . Several authors suggest that the F genotype viruses and the woolly monkey virus represent even older viruses (Arauz-Ruiz et al., 1997 ; Lanford et al., 1998 ; Norder et al., 1994 Norder et al., , 1996 . A more exhaustive search for hepadnavirus infections in nonhuman primates from all continents will be necessary to determine whether other primates harbour hepadnaviruses and at what prevalence, and how they differ from the ones already published. Only then it may be possible to test or verify our hypothesis and those put forward by others concerning the origin of primate hepadnaviruses and their evolutionary relationships.
